Abstract A method to extract quantitative phase data from differential interference contrast (DIC) microscopic images is presented. This method in conjunction with the inverse Abel transform is used to obtain an accurate refractive index profile of a calibrated multi-step optical fibre (National Physical Laboratory). Results of the refractive index profile are compared with that determined by the calibration process.
I. INTRODUCTION
The refractive index profile of an optical fibre is of fundamental significance since from it, fibre characteristics can be determined such as mode field profiles, cut-off wavelength and dispersion. A range of methods has been developed to determine the refractive index profile of an optical fibre. Currently the commercial standard is the refracted near field (RNF) method [1] . Although this is the most widely used method, limitations include the inability to measure a varying refractive index along the fibre axis, important for optical devices such as fibre Bragg gratings. Additionally the RNF technique is destructive since the fibre must be cleaved. Other techniques to determine the refractive index profile of optical fibres have been demonstrated [1] - [4] . Recently it has been established that DIC microscopy can be used to acquire the refractive index profile of optical fibres with results comparable to the industry implementation of the RNF method [4] . The this paper, a refractive index profiling technique is demonstrated that takes advantage of the data obtained across the whole DIC image and includes a full analysis along the direction of the shear of the split beam.
II. DIC MICROSCOPY
The Nomarski transmission DIC microscope is an interference microscope that generates high spatial resolution contrast of a thin optical section of a transparent specimen by exploiting optical path differences within the specimen. The image is formed from the interference of two mutually coherent waves that have a lateral differential displacement, Az, of a few tenths of a micrometer (called the shear) that are phase shifted relative to each other. This displacement is achieved by the introduction of a pair of Wollaston prisms in the optical path. The measured intensity in a DIC image can be written in the form [5] i(x,y)= Io sin2(z1 a(,Y) +,O), (47 zl (1) where Io is the maximum intensity transmitted by the optical system, ((x,y) is the phase shift introduced by the specimen, i1z = (A,vAy) is the shear vector, and J1O is a phase displacement called the bias, which is introduced by the Wollaston prism. When imaging an optical fibre, the specimen orientation is critical, and is selected based on the properties of the optical fibre being studied. In the results presented here, the fibre is positioned so that its axis is at 45°t o the shear direction and orthogonal to the scan direction, preserving phase-gradient information, as seen in Fig. l(a) . Due to the cylindrical symmetry of the fibre, it is relatively straightforward to obtain the refractive index distribution within the fibre ln(r,y), where r is the radial distance from the axis of the fibre; and y is the direction taken to be along the axis of the fibre. The phase shift introduced to the wave field on passing through the fibre is given by the special form of Abel's integral equation, and when inverted gives the form
where R is the radius of the fibre. Thus using (2) together with the specimen's phase gradient, the refractive index distribution of the fibre can be determined. In the work presented here a directional integration routine along the shear axis is performed.
III. EXPERIMENTAL PROCEDURE
For calibration purposes, the fibre used in this work is a CF2-082 multi-step index fibre (National Physical Laboratory, NPL 
IV. RESULTS
The normalized DIC image of the CF2-082 multi-step fibre is shown in Fig l(a) , alongside the extracted phase image obtained with a direction integration routine, Fig. 1(b) .
The directional integration routine was applied line by line to the DIC image. Each diagonal line integrated has an uncertainty from small errors in pixel values and an unknown integration constant. The integration constant will be different for each line processed, and thus diagonal streaking across the direction of integration occurs.
A FFT band pass filter was applied to the image for the removal of the streaking in the diagonal direction; the filtered image is shown in Fig. 1(c) . It is evident from Fig. l(c) that the background phase does not appear uniform; this is likely to be due to a tilt in the fibre or the cover slip when the image was acquired. Whatever the case it may create later complications in the refractive index analysis so an averaging method was used to correct this feature. First, the amplitude of average row of the image was computed by summing down each column. The averaged row was then subtracted from each row, and a smoothing filter was applied having a size of 50 x 50 pixels, based on the size of the variations in the averaged image, to ensure that no information was lost. This calculated background was then used to correct the image resulting in Fig 1(d) . Although this procedure corrected the image somewhat, it is still evident that there seems to be non-uniformity in the background. To correct for this a line profile from Fig. 1(d) was plotted, (Fig. 2(a) ) and regions of the background outside the outer diameter of the fibre were selected, as shown in Fig.  2(b) . Various polynomial fits were applied to the selected slope points and it was found that a 3rd degree polynomial shown in Fig. 2(c) gave the best result. The fitted polynomial, (Fig. 2(d) ) was then subtracted from the averaged image and the result is shown in 3(a). In order to verify the accuracy of our routines, the calibrated multi-step fibre was simulated for the CF2-082 multi-step fibre using the refractive index differences provided with the fibre' s calibration certificate. The simulation used the same imaging parameters, with a wavelength of 488-nm, pixel spacing of 0.460 um, and a surrounding refractive index of 1.460, shown in Fig. 3(b) . The phase amplitude was measured for all the varying image processing techniques to determine that no information was lost. The results indicate that the image processing procedures did not alter the phase amplitude. The value of the shear used in the algorithm was 0.434 um. To compare the extracted phase from the measured DIC image to the simulated image a line profile through both images was taken and is shown in Fig. 4 . Seen from Fig. 4 , the measured and simulated phase images show good agreement; however certain discrepancies appear, particularly at the fibre's cladding and surrounding medium interface, where there is a small discrepancy in the index matching oil.
The refractive index profile of both the simulated fibre and the extracted phase image was then determined and is shown in Line profile through the simulated and extracted refractive index distribution of the multi-step fibre, where the roman numerals specify the varying levels. The blue line is a line profile through the refractive index distribution from the measured image and the red line is a line profile through the refractive index distribution from the simulated image.
Comparison of the two profiles, Fig. 5 , indicate the major discrepancy lies with the flatness of the varying levels, which may suggest an inherent limitation of the algorithm. An artifact at zero radius is observed in the profile extracted from the simulated image. This is inherent to the radial calculation method of (2). The refractive index differences for both the measured and simulated image were determined by finding the average value within each level. The error associated with these values was determined by the standard deviation in these regions, shown in Table 1 .
The refractive index differences from the measured and manufacturer's results, shown in Table 1 are in good agreement. The calibrated results measured using axial interferometry and the RNF method were taken at a wavelength of 633 nm, where the measurements presented in this work were conducted with an argon-ion laser operating at 488 nm. Other possible errors may be present due to V. CONCLUSION A straightforward and robust method to determine the refractive index profile of a fibre using DIC microscopy has been presented in this work for a calibrated multi-step fibre. Results extracted from the measured DIC images are in agreement with the manufacturer's results, which used the RNF and axial interferometry techniques. Further study with different samples is being carried out for fibres having refractive index profiles that vary along the fibre axis.
